The encapsulation of graphene in hexagonal boron nitride provides graphene on substrate with excellent material quality. Here, we present the fabrication and characterization of Hall sensor elements based on graphene boron nitride heterostructures, where we gain from high mobility and low charge charier density at room temperature. We show a detailed device characterization including Hall effect measurements under vacuum and ambient conditions. We achieve a currentand voltage-related sensitivity of up to 5700 V/AT and 3 V/VT, respectively, outpacing state-ofthe-art silicon and III/V Hall sensor devices. Finally, we extract a magnetic resolution limited by low frequency electric noise of less than 50 nT/ √ Hz making our graphene sensors highly interesting for industrial applications.
production of around 5.9 billion units and prospects of further increase of 50% until 2020 [3] . For example, in automotive and consumer electronics magnetic field sensor are heavily used for precise position detection, whereas these applications are dominated by Hall effect sensors. This fact is mainly due to their small size, high linearity and cost efficient production [4] . The key performance indicators of Hall sensors are the magnetic resolution B min as well as the voltage-related (S V ) and current-related (S I ) sensitivities. These quantities depend crucially on the electronic properties of the active sensing material, such as the charge carrier mobility µ and the charge carrier density n ( S V ∝ µ and S I ∝ 1/n [5] ). Today, silicon based
Hall sensors [4] [5] [6] are dominating most applications thanks to the well developed silicon CMOS technology, which enables efficient monolithic fabrication of the sensor element and the control electronics. However, for applications requiring higher sensitivity Hall sensors based on high mobility III/V semiconductors like GaAs or InAs are used [7] [8] [9] [10] at the expense of higher fabrication cost. Graphene [11, 12] is considered as the ideal material for ultra-sensitive Hall sensors because of its very high carrier mobility at room temperature and the ultra-thin body enabling very low carrier densities. These properties make graphene a material with the potential to outperform all currently existing Hall sensor technologies.
Consequently, first graphene based Hall sensors have been demonstrated surpassing silicon based devices and approaching those based on III/V semiconductor materials in terms of sensitivity [13] . Importantly, the heterogeneous integration of graphene based devices on silicon CMOS substrates is feasible and has the potential of a cost efficient fabrication process [14] . With the encapsulation of graphene in hexagonal boron nitride (hBN) by van der Waals assembly [15] graphene devices on substrate can be provided with very high mobility at room temperature and very low carrier density, both beneficial for the performance of Hall sensor elements. In this work we explore the performance limits of graphene based Hall sensors by utilizing high-mobility graphene-hBN heterostructures. In particular we show, that even with technically immature heterostructures we clearly surpass all existing state-of-the-art Hall sensors technologies.
The samples have been fabricated from mechanical exfoliated graphene, which is encapsulated in hBN using a stacking technique based on van der Waals adhesion [15] . The hBN-graphene-hBN stacks are placed on highly p-doped Si substrates with a 285 nm thick SiO 2 top layer. Scanning force microscopy (SFM) and spatially resolved Raman spectroscopy the full width at half maximum of the 2D peak Γ 2D of the very same device are illustrated.
The Raman spectrum not only proves that we are dealing with an isolated monolayer of graphene, but also provides insights on the material quality. In particular, the homogeneous Γ 2D over the active device area (see insert in Fig. 1(c) ) with a mean value of around 25 cm
is a good indication of a high material quality [17, 18] .
The device (S1) shown in Fig. 1 is annealed in a tube oven under Ar/H 2 atmosphere at 275
• C for 3h and first measurements are performed under low pressure Helium atmosphere (≈ 5 mbar) at room temperature, which is refereed in the following as under vacuum conditions (vac). In a next step, similar measurements have been performed under ambient conditions (air). As graphene is very sensitive to its environment and possible contaminations, we cover with these measurements both, laboratory as well as real life conditions. The two terminal back gate characteristics of the device under vacuum for the two different contact configurations exhibit a high similarity as depicted by the black and red (dotted) traces in Fig. 1(d) , confirming the homogeneity as observed in the previous shown SFM and Raman data [19] . The transport characteristics under ambient conditions (green dashed trace in Fig.   1(d) ) reveal a shift of the charge neutrality point (CNP) to more negative back gate voltage and an asymmetric broadening of the minimum conductance dip around the CNP. These two effects can be attributed to contamination from the environment such as water, which may change the doping of the device. Trace and retrace of the back gate characteristic show no significant shift or hysteresis as they overlap almost perfectly. For the determination of the magnetic response of the Hall sensor element a constant bias voltage V b is applied to contacts S and D. The Hall voltage V H is measured between contacts V1 and V2 and the current I SD between contacts S and D is recorded simultaneously. In Fig. 2(a) A summary of the maximum achieved sensitivities S V and S I for the different devices and measuring conditions as function of bias voltages are shown in Fig. 2(f) . For device S1
the sensitivities are independent of applied bias voltage and S V increases by around 15% from S V = 2.6 V/VT at vacuum to S V = 3.0 V/VT under ambient conditions, whereas S I exhibits similar values of S I = 4100 V/AT for both measuring conditions. For devices S2 a sensitivity of up to S V = 2.8 V/VT and S I = 5700 V/AT is determined. This means that the relevant minimal accessible charge carrier density is independent on having the device under vacuum or ambient conditions, which is in contrast to the overall doping of the device (compare e.g. Figs. 2(b) and 2(e) ). The increased S I for device S2 in contrast to device S1 indicates a smaller minimal accessible charge carrier density, which is also observed in Raman microscopy by a lower mean value of Γ 2D [20] . The change in doping is most likely due to contaminations on the sample from the environment when measuring under ambient conditions. The increase and emerging asymmetry of S V when placing the device S1 from vacuum to ambient conditions may be the results of different doping level in the center area of the Hall cross and underneath the metal contacts. The significant difference of the bias dependency of both samples S1 and S2 can be most likely traced back to the missing annealing step for sample S2. Compared to annealed samples, this leaves an increased amount of resist residues on the surface of the top hBN-layer (confirmed by SFM images, but not shown). This may have influence on the device operation and stability. However, the details are far from being clear and further investigations on the influence of annealing remain important.
Besides the sensitivity, the magnetic resolution B min is a key performance parameter for applications, which is mainly limited by the charge noise of the device [21] . The noise
Si [22, 23] sensors is coming very close to the very best values achieved by InAsSb based sensors. All other material systems offer a significantly worse normalized magnetic field resolution.
In summary, we fabricated Hall sensor elements based on graphene-hBN heterostructures and characterize the magnetic response under vacuum and ambient conditions. We achieve a voltage-related sensitivity of up to 3.0 V/VT and a current-related sensitivity of up to 5700 V/AT surpassing not only silicon based Hall sensors, but also todays very best Hall sensors based on III/V semiconductors. These results unambiguously outlines the potential of graphene in commercial Hall sensor applications and clearly encourages efforts to improve the growth and transfer of CVD grown graphene in order to close the gap between exfoliated and CVD graphene. Developments towards a wafer scale fabrication of graphene-hBN heterostructures and their integration into CMOS technology is surely a very promising road to extend applications of future Hall sensor elements.
